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 Abstract 
 
 Increasing demands of biofuel as consequence effect from global warming and unstable 
forecast on the remaining quantity off traditional fossil fuel gradually expended the researches and the 
facilities of biofuel for last decades. However current model for the sustainable production of biofuel 
is mainly relied on the crop resources. This model came out in serious problem for last 5 years that it 
could not be sustainable in harsh climate. Decreased yield of crops resulted in increasing prices of 
crops and blocking trades of food resources between countries. This would be major flaw on 
sustainable model for the biofuel that production level would be affected and crop resources are not 
only used for biofuel but it’s the number one strategic resource – the food. 
 To overcome this issue, many research teams around world devote to find out alternative 
solutions for the biofuel. One of idea is microorganism fermentation. Clostridial fermentation is 
commonly studied, that it could produce stable amount of biofuel and most importantly, they could 
yield the biofuel with not only from crops and crop originated sugar but many different alternative 
carbon sources. 
 Clostridium beijerinckii NCINB 8052 is promising microorganism which can convert biofuel 
especially butanol from various carbon source. Butanol is the product that C. beijerinckii NCIMB 
8052 predominantly produces, and easily adoptable on internal combustion engine that currently used. 
 It has some remaining objectives that researchers should be archived. One of it is low 
tolerance of butanol, the main product of C. beijerinckii NCIMB 8052 itself. For overcome this, there 
are several study performed such as fermentation structural approaching or genomic modification for 
the tolerance. 
 On here, fermentation study of C. beijerinckii NCIMB 8052 was performed to identifying 
characteristic and performances of growth of culture and rate of biofuel production. For this, 
comparison study between media that precedent studies used also performed. Alternative carbon 
source fermentation also one of key point of C. beijerinckii NCINB 8052. In this study, enzymatically 
hydrolysed wood waste solution supplied by Dr. Lee, Jinhyung’s lab in KICET was chosen for the 
evaluating the fermentation process. And finally, two-phase stimulated extraction which based on 
oleyl alcohol was tested for enhance the fermentation and yield of butanol. This process doesn’t 
require the complex devices or concentrated effort, but effectively absorbed the butanol from culture 
to enhance the growth and the biofuel production of C. beijerinckii NCIMB 8052. 
 
  
Abbreviations 
 
OD - Optical Denstiy 
RCM - Reinforced Clostridial Media 
C. beijerinckii NCIMB 8052 - Clostridium beijerinckii National Collection of Industrial, Food and 
Marine Bacteria Collection number 8052 
MP2 - Modified P2 media 
GC - Gas Chromatography 
FID - Flame Ionisation Detector 
HPLC - High-Performance Liquid Chromatography 
RID - Reflective Index Detector 
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Figure 11.  
 
Growth difference between no oleyl alcohol layer (■), layer added after 0 hours from 
inoculation (▲), 6 hours after inoculation (◆), 12 hours after inoculation and 24 hours 
after inoculation (★). 
Figure 12.  Timeline of butanol concentration inside the culture layer. Except the fermenter without 
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oleyl alcohol layer (■), layer added after 0 hours from inoculation (▲), 6 hours after 
inoculation (◆), 12 hours after inoculation and 24 hours after inoculation (★) have 
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Figure 13.  Butanol concentration at final stage of fermentation. Blue represents for butanol 
concentration of culture grown media layer, red represents for butanol level inside oleyl 
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layer and stimulated absorption was initiated. At not added, red bar doesn’t exist 
because oleyl alcohol was not added (control). 
Figure 14.  Used glucose and time spent for the fermentation. As addition time of oleyl alcohol 
layer delayed, data indicated glucose accumulation had increased. But if comparing the 
time spent for the overall fermentation, added at 24 hours after inoculation significantly 
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Figure 17.  Optical density and glucose level of fed-batch fermenter which glucose level 
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which glucose level maintained between 30 to 40 g/L. This figure represents one fed-
batch work out of four. Butanol level in oleyl alcohol was detected at final timepoint of 
fermenter (130.5 hours), and finalised butanol level (25.09 g/L) is marked on the above 
of graph at 130.5 hours (both graph and separated data point were marked as ■). 
Figure 19.  Optical density and glucose level of C. beijerinckii NCIMB 8052 fed-batch + 
stimulated absorption fermenter which glucose level maintained between 10 to 50 g/L. 
This figure represents one result out of four. 
Figure 20.  Butanol level of culture layer (■) and glucose accumulation (▲) of fed-batch fermenter 
which glucose level maintained between 10 to 50 g/L. Both graph for the concentration 
of butanol in culture layer and final glucose level were marked as ■. 
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Chapter I 
Theoretical development 
 
 Highly concentrated industries are the basis of human society which is maintaining all needs 
of us, and we cannot survive any single moment without it. Oil is major resource for all the industries. 
It can be the raw material or maintaining tools, but using as energy source is the first priority due to its 
characteristic. Oil, especially derived from ancient organic materials, and we generally call it as fossil 
fuel, is easy to harvest, shipping, storage and use. And also, it has concentrated energy within a certain 
volume, which can guarantee the cost efficiency. But it continuously pointed out as the major cause of 
global warming and various environmental pollutions. Many researchers especially from governments 
and the energy companies are in work for solve these issues, and one of the promising solutions is the 
biofuel. (Y. Tamura et al., 2010) 
 
1.1 Biofuel 
 
 Biofuel is the fuel which stands for opposite meaning of fossil fuel. It would be obtained 
from natural plants, crops and the wastes. Biofuel could be manufactured by several ways such as 
chemical treatment, catalytic convert and biological fermentation. 
 Biofuel is widely used from main fuel source for the combustion engine to chemically 
derived products. In United States, All cars and light trucks could use 10% v/v blended ethanol to 
enhance the biofuel industries. And there is expectation that US Environmental Protection Agency 
(EPA) approved 15% v/v blending of ethanol, since consideration of mis-fueling and automobile 
warranties, this mixture is not commonly used yet. 
 In the 2010/11 agricultural financial year, 2.4 % of maze and 14 % of soybean oil production 
was used to produce biofuels. But serious drought in the United States during summer of 2012 
affected the production and which is resulting in increasing of prices and a reduced for biofuels 
production for the 2012/13 financial year. (Farber-DeAnda et al., 2012) 
 As consideration of current situation of price increasing of food resources, researches 
contributed to convert the substrate for the biofuel production. This could be industrial waste, local 
community waste, seaweed and the plants. Wood waste also one of these categories, that could easily 
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gather during thinning out the forest, or could be obtained from collecting fallen trees, infested trees 
and periodical cutting from orchards. 
 Researches to convert wood derives to biofuel had been continued for several decades, and 
there are several approaches for pre-treatment of wood waste founded such as mechanical 
comminution, steam explosion, AFEX, CO2 explosion, ozonolysis, acid hydrolysis, alkaline 
hydrolyses, organosolv, pyrolysis, pulsed electric field and biological. But these methods were not 
effective as we expected that those had low energy efficiency, or had long processing time compared 
to typical biofuel process based on crops. (Kumar et al., 2009) 
 In this study, enzymatic treatment method was chosen with alkaline based pre-treatment. 
According to previous study (Zhou et al., 2008), 24 hours treatment required to perform enzymatic 
treatment, however, to minimise the process time, stimulated process was performed which sodium 
acetate and cellulase treatment were combined and proceed. (Kwon and Kang et al., under review) 
 
1.2 Clostridium fermentation 
 
 
 
Figure 1. Scheme of theoretical development 
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Figure 2. SEM image of C. beijerinckii NCIMB 8052 (Miller et al., 2015) 
 
 Clostridium strain is the most significant bacteria in the field of the biofuel process, that it 
can make alcoholic solvents and the acids such as butanol and ethanol. It is gram-positive and 
anaerobe strain, and could obtain the biofuel from various carbon source includes crops, plants or 
even from wastes. 
 Butanol, which is Clostridium beijerinckii NCIMB 8052’s major product, is concerned as 
optimum product for current industries because its combustion properties were already figured out 
especially for the actual reactor systems could easily adopt onto internal-combustion reactors with 
minor adjustment. (C. Jin et al., 2011) 
 
 The production of biofuel by C. beijerinckii NCIMB 8052 costs lower effort and energy 
which can make comparable solution with chemical catalytic process, however the tendency that yield 
could be easily shifted by the protocols, system design, inoculation conditions and initial conditions of 
the fermenter system. Since many groups commonly and majorly used P2 or MP2 media for the 
biofuel production researches, in order to confirm the consistency of the result, the study for the 
comparison between P2 and MP2 media was performed. 
 After observing P2 and MP2 is identical, the study was moved on the effectiveness of the 
process on alternative carbon source especially derived from natural. In this study, pinewood chip 
which derived from wood waste was chosen for simulating alternative carbon source. For this study, 
collaborated work with group of Dr. Lee, Jinhyung of KICET was performed. Wood waste was 
enzymatically hydrolysed and enriched by Dr. Lee’s group and provided for this study as form of 
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liquid. Fermentation of C. beijerinckii NCIMB 8052 was performed by several different 
concentrations with mixing of MP2 solution and compared with MP2-only culture to see if it shows 
identical condition in presence of chemically treated wood chip solution. (Kwon and Kang et al., 
submission in progress) 
 Biofuel production of C. beijerinckii NCIMB 8052 is promising for future alternative biofuel 
process however it has low tolerance on the butanol, makes the limitation on its yield. As butanol 
production has reached certain point of level, it forms endospore and fermentation would be 
terminated even in presence of enough amount of carbon source. To overcome this characteristic and 
improve the yield of system many groups devoted and currently devote as several different and 
various methods to approach. One of the methods that could help the fermentation and the yield is to 
remove the butanol from the culture. 
 Recovering process of butanol is also one of major area for the biofuel studies. There are 
several previous approaches in the sense of fermentation process like butanol recovery by packed 
column absorption system (Lie et al., 2014), gas stripping recovery (Ezeji et al., 2003), integrated 
membrane extraction (Groot et al., 1990) and so on. In this study, butanol recovery based on oleyl 
alcohol was chosen and tested for enhance the efficiency of biofuel process of C. beijerinckii NCIMB 
8052. Oleyl alcohol is non-ionic and unsaturated fatty alcohol which could selectively absorb butanol 
from the products of fermentation of C. beijerinckii NCIMB 8052. In this study, oleyl alcohol was 
chosen for solvent to absorb the butanol from the fermenter to help the growth of culture. (Bankar et 
al., 2012) 
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Chapter II 
Experimental Methods 
 
2.1 Strain 
 
 For biofuel production, Clostridium beijerinckii NCIMB 8052 was selected for the research. 
The strain was kept as form of spore in 4 ºC. C. beijerinckii NCIMB 8052 is gram-positive, spore 
forming strict anaerobe. 
 C. beijerinckii NCIMB 8052 was kept in pH 7.0 of distilled water at 4 ºC as the form of the 
spore. For inoculation, 1 mL of spore was treated with heat block in 75 ºC for 10 minutes. After heat 
treating, spore was injected into 25 mL of Reinforced Clostridial media when culture reached between 
2.0 and 3.0 after 6 hours of incubation. 
 
2.2 Media 
 
 C. beijerinckii NCIMB 8052 is generally incubated on the P2 media or RCM. Composition 
of P2 is; K2HPO4, 0.5 g/L; KH2PO4, 0.5 g/L; MgSO4•7H2O, 0.2 g/L; MnSO4•H2O, 0.01 g/L; 
FeSO4•7H2O, 0.01 g/L; NaCl, 0.01 g/L; p-aminobenzoic acid, 0.001 g/L; thiamine, 0.001 g/L; biotin, 
0.01 mg/L; yeast extract, 1 g/L; CH3COONH4 (ammonium acetate) 3 g/L; and desired amount of 
carbon source, 60 g/L of dextrose (glucose) typically. All chemicals were dissolved in distilled water 
and pH is adjusted between 6.0 and 6.5. 
 For the media characterisation test such as acetate source comparison or alternative carbon 
source test, MP2 (Modified P2) which is slightly modified from MP2 was chosen for the study. It 
consisted with MgSO4•7H2O, 0.2 g/L; MnSO4•H2O, 0.01 g/L; FeSO4•7H2O, 0.01 g; NaCl, 0.01 g; p-
aminobenzoic acid, 0.001 g/L; biotin, 0.01 mg/L; thiamine, 0.001 g/L; KH2PO4, 0.5 g/L; K2HPO4, 0.5 
g/L; (NH4)2SO4, 2.0 g/L; CH3COONa, 3.2 g/L; and desired amount of carbon source. 
 Difco Reinforced Clostridial Media was purchased from BD (United States) and melted onto 
distilled water as description of the manual. Composition of Difco Reinforced Clostridial Media is; 
beef extract, 10 g/L; peptone, 5 g/L; yeast extract, 3 g/L; tryptone, 5 g/L; starch, 1 g/L; CH3COONa 
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(Sodium acetate), 3 g/L and NaCl, 5 g/L. 
 All chemicals except Difco Reinforced Clostridial Media were purchased from Sigma-
Aldrich Korea. 
 
2.3 Fermentation 
 
 For incubation of C. beijerinckii NCIMB 8052, all media should be prepared in anaerobic 
condition. For maintaining anaerobic condition, all media should be prepared inside 3L sized closed 
system fermenter (Fermentec, Korea). For the inoculum culture quick experiment, serum bottle 
capped with rubber stopper (Wheaton, United States) could be used.  
 On the 3 L fermenter, 1 L of P2 media was prepared for the incubation of C. beijerinckii 
NCIMB 8052. In the 3 L sized container, 1 g/L of yeast extract, 3 g/L of ammonium acetate and 429 
mL of distilled water was added and fermenter head was assembled with Dow corning Silicone High 
Vacuum Grease (Dow Conring, United States). 500 mL of carbon source solution e.g. dextrose was 
prepared individually in the Erlenmeyer flask (Duran, Germany) to avoid caramelisation of solution. 
0.5 g of K2HPO4 and 0.5 g of KH2PO4 were melted on 10 mL of distilled water. 0.2 g of MgSO4•7H2O, 
10 mg of FeSO4•7H2O and 10 mg of NaCl were melted on 10 mL of distilled water. Those buffer and 
salts were prepared inside 50 mL sized conical tube (BD, United States) individually and sterilised 
with 0.22 μm sized-pore Millex Syringe Filter (Merck, Germany). 1 mg of p-aminobenzoic acid, 1 mg 
of thiamine and 0.01 mg of biotin was melted on 1 mL of distilled water and also sterilised with 
syringe filter. Both fermenter and the carbon source solution was sterilised with autoclaving in 121 ºC 
for 25 minutes. 
 
 After preparation all media were added onto fermenter via media injection port and stirring 
motor, cable for pH meter, thermometer, bubble trap, water horses for water jacket and condenser and 
pH controlling solution e.g. ammonium hydroxide were connected on the fermenter. pH and 
temperature data was collected by main control unit and automatically maintained to pH 5.6 or above 
and 37 ºC. Prepared fermenter was purged with high purity Ar gas (KOSEM, Korea) connected with 
connected with 0.22 μL sized-pore filter for 30 minutes. 
 Prepared fermenter’s total volume was 950 mL. For initiating the fermentation, 50 mL of 
subculture of C. beijerinckii NCIMB 8052 which was grown in P2 was injected for 5% v/v inoculum. 
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At each sampling time point, sample was collected with 10 mL syringe (Korea Vaccine Co. Ltd., 
Korea) via sampling port. 
 On the serum bottle, either P2 or RCM could be prepared. For P2 media, all chemicals 
except p-aminobenzoic acid, thiamine and biotin was prepared inside flask and purged with argon gas 
for 20 minutes. For RCM, it was prepared inside flask and purged with argon gas for 20 minutes. 
After purging, P2 media without vitamins or RCM was collected and added into serum bottles. All 
serum bottles were also purged with argon gas and sealed with rubber cap. Prepared serum bottles was 
sterilised with autoclaving in 121 ºC for 25 minutes. 
 For inoculation, 5% v/v culture was transferred by syringe injection through rubber stopper. 
Fermentation was performed in the shaking incubator as described above. 
 
2.4 Acetate source comparison 
 
 For comparing the growth difference between MP2 culture and P2 culture, serum bottle was 
chosen for the test. Both P2 and MP2 was prepared inside the 50 mL of serum bottle and purged with 
argon gas. 5% v/v of C. beijerinckii NCIMB 8052 subculture was inoculated both MP2 and P2 media 
with 30 g/L of glucose as carbon source and sampling was performed at each sampling timepoints. 
Supernatants of samples were taken and analysed. 
 
2.5 Alternative carbon source fermentation 
 
 7.2g of pitch pine waste was added to a zirconia jar container, followed by adding 180ml of 
50mM sodium acetate (pH 4.8). Milling process was performed after addition, 3 mm diameter 
zirconia balls were added. Planetary milling was carried out using a Pulverisette 5 (Fritsch, Germany) 
at room temperature for 4 hours. The jar was rotated at 300 rpm. 
 According to previous study,(Kim et al., 2013) cellulase showed high activity at the 
buffering medium used in planetary milling. Powder of cellulase (Worthington Biochemical Co., USA) 
was dissolved in supernatant of planetary milled biomass and added to the biomass slurry to a 
quantity of 15FPU/g-biomass. It was incubated at 50 ℃ for 96 hours with agitation using a rotator 
(JEIO Tech, Rep. Korea) set to 200 rpm.  
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 Fermentation was performed with C. beijerinckii NCIMB 8052. In this study, MP2 media 
was slightly modified to make identical condition with hydrolysed solution. In this study, sodium 
acetate concentration was set for 50 mM, whereas 40 mM (3.2 g/L) was used for compositing MP2. 
Half v/v mixture of 50 mM sodium acetate MP2 and pine wood waste and pine wood waste without 
adding 50 mM sodium acetate MP2 solution were performed to see the difference of growth and yield 
of C. beijerinckii NCIMB 8052. Both 50% and 100% solution got additional yeast extract and 
ammonium sulfate to maintain same condition of original MP2 solution except sodium actate. All 
experiment performed inside 50 mL of serum bottle with 250 rpm, 37 °C shaking incubator. 
 
2.6 Stimulated absorption system fermentation 
 
 Oleyl alcohol (Daejung, Korea) was used for mediator to absorb butanol from the system, as 
described above. To establish stimulated absorption system, 1 L working volume of P2 fermenter 
prepared. Setting up the fermenter was identical as described above except the stirring speed. To 
maintain uniform condition of membrane between oleyl alcohol layer and the culture layer, stirring 
speed was maintained at 20 rpm. 
 For this study, initiation time of stimulated absorption was variously tested for finding 
optimum condition for C. beijerinckii NCIMB 8052. Oleyl alcohol was purged with argon gas before 
used for the fermentation. At 0, 2, 4, 6, 8, 10 and 12 hours from inoculation, Oleyl alcohol layer was 
added on top of the culture layer, via service port on top of the fermenter. During addition, argon gas 
was continuously purged the void area located at top of both culture and oleyl alcohol layer to protect 
anaerobic condition. Since sampling port only could collect the sample from the culture layer, oleyl 
alcohol sample was only analysed at the end of the fermentation. Sample of culture layer was 
collected and analysed at each time point. 
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Figure 3. Scheme of in-situ stimulated absorption system adopted on 3 L sized fermenter 
 
 
 
Figure 4. Picture of actual in-situ stimulated absorption system adopted on 3 L sized fermenter 
 
2.7 Fed-batch optimisation 
 
 After determining the optimum condition of stimulated absorption, fed-batch test was also 
14
performed on the same condition. 500 g/L of glucose stock solution was prepared in anaerobic 
condition and fed into fermenter via service port as glucose consumed as much as certain level. 
 For initial, fermentation was performed until glucose level reached 10 g/L. As glucose level 
reached 10 g/L, purged glucose stock solution was supplied until glucose level reached 50 g/L. 
Feeding glucose stock was performed via sampling port to bypass the oleyl alcohol layer. According 
to HPLC data glucose is not mixed onto oleyl alcohol layer of stimulated absorption system, so 
glucose level was only determined by glucose dissolved on the culture layer. 
 During the research, there was suggestion about maintaining higher level of glucose could 
help the growth and yield efficiency of fermenter, so this concept also tested in the sense of 
optimisation of in-situ stimulated absorption system. For testing this condition, glucose level was 
maintained between from 30 g/L to 40 g/L. Sample of culture layer was collected at each time point 
and analysed. Oleyl alcohol condition and yield was determined when the fed-batch fermentation was 
terminated. 
 
2.8 Determining optical density 
 
 In this study, optical density was detected at the light wavelength of 600 nm, with the 
Eppendorf biophotometer (Eppendorf, Germany). Collected sample of C. beijerinckii NCIMB 8052 
was transferred to 2 mL centrifugal tube first, and 50 μL of sample was taken by pipette and diluted to 
1/20 of concentration. Diluted sample was transferred into Semi-micro Visible Range Cuvette (Kartell, 
Italy) and optical density was determined by biophotometer. 
 Remaining sample was centrifuged at 13,000 rpm for 10 minutes and supernatant was 
collected by pipette and transferred into the centrifugal tube. Collected supernatant was used for 
detecting glucose, acid and solvent level detection and kept in -20 ºC for later analysis.  
 
2.9 Determining concentrations of the acids and the solvents 
 
 In this study, the major products of C. beijerinckii NCIMB 8052 which are acetone, ethanol, 
n-butanol, acetic acid and butyric acid were monitored by gas chromatography. HP-INNOWax GC 
column (Agilent Technologies, United States) was used for this study with the 7890A GC-FID system 
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(Agilent Technologies, United States). 
 Collected sample was centrifuged on 13,000 rpm for 10 minutes and had taken for dilution 
and the analysing. Peaks were detected with flame ionisation detector and compared with standard 
solution (Mixture of acetate, ethanol, butanol, acetic acid and butyric acid, standard concentrations) 
 High purity Nitrogen gas (KOSEM, Korea) was used for carrier gas and 3 mL/minutes of 
constant flow was established. Injector and detector temperature was maintained at 250 ºC, 
temperature of oven was set from 50 ºC and increased gradually up to 250 ºC for 20 minutes. After it, 
temperature of oven was entered post-run for three more minutes. All data were collected 
automatically by computer and compared with standard curve. 
 
2.10 Determining concentration of the glucose 
 
 In this study, the level of glucose was analysed with both catalytic examination with 
reflectometric detection and fraction column collection with HPLC. 
 Collected sample of C. beijerinckii NCIMB 8052 culture was taken inside centrifugal tube 
and then centrifuged down on 13,000 rpm for 10 minutes. Supernatant was taken and diluted into 
distilled water for 1/1000 dilution. Glucose strip (Merck, Germany) was put inside the diluted solution 
for 15 seconds and measured with catalytic strip reflectometer (Merck, Germany) with pre-setting of 
glucose strip. 
 For accurate value, collected sample was heat-treated on 80 C for 10 minutes then 
centrifuged on 13,000 rpm for 10 minutes. After centrifugation, 10 uL of sample was taken and 
diluted in 990 uL of distilled water. Diluted samples were put inside the vials, and injected and 
separated with the Aminex HPX-87P Carbohydrate Analysis Column (Biorad, United states). Peaks 
were detected with Agilent 1260 Infinity Refractive Index Detector and compared with standard 
solution (mixture of cellobiose, D-Glucose, D(+)Xylose, D(+)Galactose, D(+)Arabinose and 
D(+)Mannose solution, concentration of each carbohydrate was identical and 0 to 5 g/L samples were 
used) 
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Chapter III 
Results 
 
3.1 Acetate source comparison 
  
 According to figure 5, figure 6 and table 1, C. beijerinckii NCIMB 8058 could accumulate 
both P2 and MP2 and similar growth properties and products were observed. All data was averaged 
from triplicated data set. According to growth curve based on optical density at 600 nm wavelength 
(figure 5) and butanol produced (figure 6), it showed similarity between MP2 based culture and P2 
based culture. This suggests fermentations which were done in MP2 and P2 could not be determined 
as results were not identical. 
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Figure 5. Optical density and glucose level of the culture. C. beijerinckii NCIMB 8052 was inoculated 
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inside 50 mL of P2 and MP2 with 30 g/L glucose with 250 rpm, 37°C shaking condition of serum 
bottles. Optical density of P2 (■) and MP2 culture (□), Glucose level of P2 (▲) and MP2 (△) were 
shown in this graph. 
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Figure 6. Butanol level of C. beijerinckii NCIMB 8052 culture in P2 (■) and MP2 (□) media 
 
 OD Glucose used Butanol consumed Butanol/glucose used 
P2 8.627 ± 0.477 19 ± 2.6 5.301 ± 0.415 0.257 
MP2 9.773 ± 0.54 21.7 ± 1.2 5.875 ± 0.405 0.276 
Difference 11.8% 12.5% 9.0% 6.8% 
 
Table 1. Final data of fermentation terminated at 36 hours from inoculation. Optical density (OD) was 
observed with 600 nm visible light, Glucose and butanol level were determined in g/L and 
butanol/glucose used was written in g/g unit.  
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 3.2 Alternative carbon source fermentation 
 
 Result has shown C. beijerinckii NCIMB 8052 can accumulate wood waste if nitrogen and 
vitamin source was supplied together. According to Figure 7, glucose accumulation rate was even 
faster than control culture. To identifying toxicity before experiment, Folin-Ciocalteu test was 
performed to see the level of phenolic compounds which could be derived wood-consisting lignin and 
could possibly be harmful to fermentation of C. beijerinckii NCIMB 8052. On this test phenolic level 
was determined as low enough disregardable, so experiment was performed as planned 
(Supplementary A, Figure S1). Butanol produced divided by glucose used was almost identical on 
both control and 50 % v/v wood waste culture however glucose accumulation was less than control in 
the 100 % v/v wood waste solution. At the final stage, according to figure 9, few level of glucose was 
not accumulated even fermentation was almost done, which is possible sign there could be alternative 
form of carbon source derived from lignin that reflectometric devices detected and could not separate 
from consumable glucose and C. beijerinckii NCIMB 8052 could not consume. Produced butanol 
level at the final stage of fermentation was identified as similar level according to table 2. 
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Figure 7. C. beijerinckii NCIMB 8052 was inoculated into MP2 or MP2 mixed with 50% v/v 
enzymatically treated wood waste. In the sense of growth, both control (■) and 50% wood waste 
mixture (□) have shown identical growth, but glucose consumption of control (▲) was much slower 
than 50% wood waste mixture (△) 
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Figure 8. Butanol produced level of culture grown in 50% wood waste (□) was much faster than the 
control (■), however final concentration was identical each other. 
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Figure 9. Growth and glucose consumption data of C. beijerinckii NCIMB 8058 which grown on MP2 
(control) and enzymatically treated wood waste with nitrate source addition. Optical density of control 
(■) was significantly higher than wood waste culture (□). In the sense of glucose consumption, final 
concentration of glucose level of control (▲) was lower than wood waste one (△), but actual levels of 
glucose consumed at stationary phase were identical as 28.58 g/L (control) and 27.92 g/L (wood 
waste). 
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Figure 10. As glucose consumption was identical, butanol produced level of control (■) and wood 
waste (□) were almost identical. 
 
 OD Glucose used Butanol Butanol/ 
glucose used 
Control 7.8 ± 
0.353 
5.967 ± 
0.230 
27 ± 0 29.94 ± 
0.09 
5.867 ± 
0.249 
6.783 ± 
0.192 
0.217 0.226 
wood waste 50% 100% 50% 100% 50% 100% 50% 100% 
 8.423  
± 0.452 
4.84   
± 1.471 
28.67  
± 1.15 
26.56  
± 1.22 
6.254  
± 0.242 
6.838  
± 0.693 
0.218 0.257 
difference 7.3 % -23 % 5.8 % -12.6 % 6.1 % 0.8 % 0.5 % 12.0 % 
 
Table 2. Data from wood waste fermentation of 50 % wood waste solution + MP2 mixture and 100 % 
wood waste solution. All data were from 58 and 60 hours from inoculation, respectively. Glucose used 
and butanol level were determined in g/L. Butanol/glucose used were written in g/g unit.  
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 3.3 Stimulated absorption system fermentation  
 
 In-situ stimulated absorption system is based on absorption layer which should absorb 
butanol specifically, should not be mixed with the culture layer and should not be harmful to C. 
beijerinckii NCIMB 8052. With these criteria, as described above, oleyl alcohol was chosen and used 
for absorbing solvent. During characterisation study, it proved oleyl alcohol’s chemical properties 
made effective and stable layer above the culture layer. 
 In this study, addition of oleyl alcohol layer was performed at 0, 6, 12 and 24 hours from 
inoculation. According to optical density data (figure 11), all conditions followed same growth 
tendency until timepoint reached 24 hours from inoculation. After this time point, control – which 
oleyl alcohol was not introduced – started decreasing its optical density suggested it entered stationary 
phase. Very interesting data was shown with 24 hours addition. Its optical density also started 
decreasing after 24 hours but after 36 hours it showed certain growth again. If butanol data compared 
together on this data (figure 12), butanol level of 24 hours addition drastically decreased and followed 
other fermenters’ butanol trend-line. 
 
24
0 20 40 60 80
0
2
4
6
8
10
12
14
16
18
O
D
 6
0
0
n
m
Time (Hours)
 OD-Not added
 OD+0H
 OD+6H
 OD+12H
 OD+24H
 
 
Figure 11. Growth difference between no oleyl alcohol layer (■), layer added after 0 hours from 
inoculation (▲), 6 hours after inoculation (◆), 12 hours after inoculation and 24 hours after 
inoculation (★). 
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Figure 12. Timeline of butanol concentration inside the culture layer. Except the fermenter without 
oleyl alcohol layer (■), layer added after 0 hours from inoculation (▲), 6 hours after inoculation (◆), 
12 hours after inoculation and 24 hours after inoculation (★) have shown somewhat synchronised 
increasing and levelling each other. 
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Figure 13. Butanol concentration at final stage of fermentation. Blue represents for butanol 
concentration of culture grown media layer, red represents for butanol level inside oleyl alcohol layer 
and green stands for total butanol level (blue+red). X-axis stands for timepoint from initial inoculation 
that oleyl alcohol layer was established on the culture layer and stimulated absorption was initiated. 
At not added, red bar doesn’t exist because oleyl alcohol was not added (control). 
 
 Butanol in Media Butanol in OA Butanol, total 
Not added 7.250 ± 0.260 No oleyl alcohol 7.250 ± 0.260 
+0H 3.639 ± 0.353 8.172 ± 1.304 11.811 ± 1.658 
+6H 3.765 ± 0.223 9.481 ± 1.751 13.246 ± 1.974 
+12H 4.119 ± 0.383 9.336 ± 1.731 13.455 ± 2.115 
+24H 5.055 ± 0.151 11.009 ± 0.343 16.064 ± 0.494 
 
Table 3. Butanol concentration at final stage of fermentation 
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Figure 14. Used glucose and time spent for the fermentation. As addition time of oleyl alcohol layer 
delayed, data indicated glucose accumulation had increased. But if comparing the time spent for the 
overall fermentation, added at 24 hours after inoculation significantly slower than any other in-situ 
stimulated absorption adopted fermenters and the control. 
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Figure 15. Final butanol produced (total) per gulcuse used. Overall butanol concentration divided by 
glucose used also shown the highest on 24 hours delayed one. 
 
 Glucose used Butanol, total Fermentation 
time 
BuOH/G.U. 
Not added 38.67 ± 1.52 7.25 ± 0.26 47.67 ± 0.57  0.188 ± 0.014 
+0H 50.67 ± 6.02 11.81 ± 1.65 56.53 ± 10.04 0.232 ± 0.001 
+6H 53.00 ± 2.64 13.24 ± 3.46 52.00 ± 3.46 0.251 ± 0.039 
+12H 53.67 ± 2.51 13.46 ± 2.11 54 ± 0 0.250 ± 0.020 
+24H 56.00 ± 1.41 16.06 ± 0.49 72 ± 0 0.287 ± 0.016 
 
Table 4. Fermentation result from in-situ stimulated absorption system adopted C. beijerinckii 
NCIMB 8052 fermenter 
 
 Fed-batch capability on in-situ stimulated absorption system was tested. In this experiment, 
butanol produced per glucose accumulated did not show significant difference. Difference between 
fed-batch fermenter glucose maintained between 30 to 40 g/L (Red, high) and fed-batch fermenter 
glucose maintained between 10 to 50 g/L (Blue, low) was only 9.4 % and null probability according 
to student t-test was 9.0 %. This indicates there could be a chance that condition of C. beijerinckii 
NCIMB 8052 was different between both fed-batch fermenter, but not significant enough to say which 
one was more efficient. 
 
29
  
Figure 16. Butanol level inside culture (media) layer, oleyl alcohol layer (OA), and sum of culture 
layer and oleyl alcohol layer. 
 
 Butanol 
produced/ 
glucose used 
Butanol - media Butanol – OA Butanol - total 
Low 0.277 ± 0.017 3.745 ± 0.624 10.605 ± 2.000 14.350 ± 2.498 
High 0.306 ± 0.036 4.360 ± 0.324 13.952 ± 2.740 18.312 ± 3.001 
 
Table 5. Butanol level and amount of used glucose was compared with butanol produced and time 
spent for the fed-batch fermentation. Media, OA, total represent concentration in medial layer, oleyl 
alcohol layer and overall, respectively. 
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Figure 17. Optical density and glucose level of fed-batch fermenter which glucose level maintained 
between 30 to 40 g/L. This figure represents one fed-batch work out of four. 
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Figure 18. Butanol level of culture layer (■) and glucose accumulation (▲) of fed-batch fermenter 
which glucose level maintained between 30 to 40 g/L. This figure represents one fed-batch work out 
of four. Butanol level in oleyl alcohol was detected at final timepoint of fermenter (130.5 hours), and 
finalised butanol level (25.09 g/L) is marked on the above of graph at 130.5 hours (both graph and 
separated data point were marked as ■). 
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Figure 19. Optical density and glucose level of C. beijerinckii NCIMB 8052 fed-batch + stimulated 
absorption fermenter which glucose level maintained between 10 to 50 g/L. This figure represents one 
result out of four. 
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Figure 20. Butanol level of culture layer (■) and glucose accumulation (▲) of fed-batch fermenter 
which glucose level maintained between 10 to 50 g/L. Both graph for the concentration of butanol in 
culture layer and final glucose level were marked as ■. 
 
 Result shown maintaining certain level of glucose could possibly give benefit to the fed-
batch operation of C. beijerinckii NCIMB 8052. Accumulated glucose level shown 13.4 % percent 
increasing than typical (waiting until glucose level reaches 10 g/L) fed-batch protocol. In fermentation 
time, it has shown 1.8 % difference but as considering the error range of data value, this could be 
minor difference if this study would be proceed further. Because of the characteristic of fed-batch 
fermentation, efficiency between these conditions would be confirmed after statistical analysing of 
further replicated experiments. 
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Chapter IV 
Discussion 
 
4.1 Media comparison 
  
 According to Chen and Blaschek’s study, acetate level of media at initial stage of 
fermentation would determine the overall yield of C. beijerinckii NCIMB 8052. In their study they 
performed the fermentation of C. beijerinckii NCIMB 8052 inside MP2 media with several different 
concentrations of sodium acetate. On that study, yield of butanol at final stage of fermentation 
gradually increased as sodium acetate concentration was increase. (Chen et al., 1999) According to 
this data, higher acetate level would be interfered final concentration of product for C. beijerinckii 
NCIMB 8052, but as consideration of cost efficiency in media preparation and for the process 
standardisation, changing on the composition of media was not significantly performed in this study. 
But as evaluating the results of precedent studies, media comparison between P2 and MP2 - which is 
the most significantly used for the Clostridium study - was performed to confirm the consistency and 
comparability on the fermentation result. 
 In this study, it had shown that C. beijerinckii could consume both MP2 and P2, and 
converted to butanol with almost same yield. With combining previous study and this study, we could 
see that fermentation of C. beijerinckii is affected by level of acetate, but formation of acetate was not 
greatly intervened growth and yield of C. beijerinckii. With this data, it could be shown that C. 
beijerinckii fermentation could be performed not only laboratory composited and controlled media, 
but could be variously changed and modified as real industrial process purpose if fundamental 
chemical such as salt and vitamin is supplied. 
 According to this data, alternative carbon source study – the waste wood converting study on 
here – was concerned as possible and proceed as planned. 
 
4.2 Alternative carbon source fermentation 
 
 For the alternative carbon source study, sodium acetate enhanced MP2 media was chosen 
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because enzymatically hydrolysed wood waste solution contains 50 mM sodium acetate due to the 
enzymatic hydrolysis process. (Kwon and Kang et al., under review) Unlike previous fermentation 
study, this study was performed with 50 mL media containing serum bottle. On serum bottle, there is 
possibility that showing different characteristic if it applied on 1 L fermenter operation, but this study 
was performed in the concept of preliminary research that proving the concept of alternative carbon 
source and efficiency comparison between wood waste driven solution and laboratory manufactured 
media. 
  
 Both sodium acetate enhanced MP2 control and wood waste hydrolysed solution entered 
stationary phase after 30 to 40 hours from inoculation according to figure 7 and figure 9. This 
supports conversion efficiency from waste wood to biofuel is identical to control, which already had 
shown that yield was also identical. 
 This result could conclude one of purpose of this study – to show if wood waste could be 
converted to biofuel by help of C. beijerinckii – and even showed same efficiency of control. In this 
study, most significant thing was all steps included pre-treatment, hydrolysing and fermentation could 
be performed in same condition and same processing container and only required some addition of 
chemicals and enzyme. 
 
4.3 In-situ stimulated absorption system 
  
         Stimulated absorption system supported by oleyl alcohol had shown great ability to 
increase sustainability of C. beijerinckii NCIMB 8052 in fermenter especially in condition of fed-
batch. According to figure 11, growth curves according to optical density at 600 nm wavelangth of 
oleyl alcohol added fermenters were increased to around 15, whereas oleyl alcohol not added 
fermenters shown stationary and degradation characteristic once it reached optical density of 10. This 
result suggests butanol absorption by oleyl alcohol layer greatly helped and improved the growth of C. 
beijerinckii NCIMB 8052, and also the double layered system established inside single fermenter was 
not inhibited the growth of C. beijerinckii NCIMB 8052. 
 According to table 3, butanol concentration has shown the highest level (16.06 g/L) at oleyl 
alcohol added at 24 hours, however there are several parameters to consider about this result for 
considering overall efficiency of fermentation and butanol yield of C. beijerinckii NCIMB 8052. 
Figure 14, Figure 15 and table 5 suggests time spent for the fermentation for oleyl alcohol fermenter 
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which oleyl alcohol added at 24 hours after inoculation was much longer than any other fermentation 
conditions (56 hours; other – 38.67 to 53.67 hours). This was even longer than no oleyl alcohol 
control fermentation. These data suggests oleyl alcohol based stimulated absorption system greatly 
helped the fermentation, and efficiency had shown the best when it is established at 0 hours to 12 
hours from inoculation of C. beijerinckii NCIMB 8052 which growing in P2 media. 
 
 In this study, fed-batch characterisation with in-situ stimulated absorption system was also 
performed. But comparison between without stimulated absorption system and with system were 
decided not performing, because oleyl alcohol not added culture could not consume all glucose 
enough to add more glucose onto the fermenter. Increasing stirring rate of fermenter suggested for 
helping C. beijerinckii NCIMB 8052’s fermentation efficiency, but this idea was not chosen because 
current technique of in-situ stimulated absorption system could not support higher stirring rate of the 
fermenter. So comparison study between non-oleyl alcohol system and oleyl alcohol added system 
would remain for the future subject together with system design enhancing projects such as increasing 
stirring speed of the fermenter which in-situ stimulated absorption system established. 
 
 Feeding glucose on fed-batch operation would generally be performed when glucose had 
been depreciated (Ezeji et al., 2008 and Mitchell et al., 2009). In this study, effect of glucose level to 
the fermentation and C. beijerinckii NCIMB 8052 were determined. For this concept, maintaining 
glucose level between 30 to 40 g/L for the test and typical addition – glucose was added up to 50 g/L 
after it reached 10 g/L – were performed several times and compared each other. 
 According to result, there is no significant difference in butanol produced per glucose used 
(0.277 g/g and 0.306 g/g), which could be a meaning to suggest carbon source utilisation efficiency 
was not greatly different (table 5). However glucose used per time spent was slightly different 
between high level glucose system and the control (0.455 g/Hours and 0.535 g/Hours). Still, error bars 
between these values suggests this is not that significant, but there also possibility on high glucose 
maintained system, that it could be a signal of enhanced efficiency if compared with control 
fermentation. Butanol level had shown higher value on high glucose level maintained system (14.350 
g/L and 18.312 g/L) which suggested glucose utilisation ability could be higher on high glucose level 
maintained fermenter. 
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Chapter V 
Conclusion 
 
 In this study, Clostridium beijerinckii NCIMB 8052 was chosen for the production of biofuel 
via anaerobic fermentation. The main purpose on choosing C. beijerinckii NCIMB 8052 was it could 
convert biofuel from various different conditions and carbon sources. MP2 and P2 comparison study 
supported this basic theory. According to result, C. beijerinckii NCIMB 8052 had shown same 
efficiency and yield throughout the fermentation. The most significant stuff that found on this study 
was fermentation time. Same fermentation time suggests difference on media composition dose not 
directly affect the process, which is important for future industrial scaled process, which should be 
stable and guarantee same cost spent and yield enough predict in minimal error. Large sized 
fermentation requires enormous scale of preparation steps and materials because of scale of the 
fermenter and productions. This subsequently makes increasing on preparation time, which means all 
steps should be prepared long before the fermentation, even during the process-in-running. Slight 
delay could make all process going wrong, that’s why fermentation time is also critical as product 
yield. On here, we saw chemical formula of acetate source did not affected on growth and yield of 
biofuel by C. beijerinckii NCIMB 8052. This result support not only effectiveness of next study – 
waste wood conversion study – but possibility to apply on industrial scaled production. 
 Butanol producing C. beijerinckii NCIMB 8052 has one huddle to jump over, that yield is 
limited by toxicity of butanol, which is product of itself. This is one major reason that Clostridial 
based industry-level biofuel production is not common. In this study, in-situ stimulated absorption 
system based on oleyl alcohol was introduced and characteristic study was done. At 2014, this system 
was revealed and proven it could be performed on 1 L sized lab-scale fermenter.  
 On this study, to improve the preparation and overall fermentation process and efficiency, 
addition method of oleyl alcohol to the fermenter was enhanced. On previous study, it directly poured 
onto fermenter by opening the access point on the fermenter, however in this study fully anaerobic gas 
purged oleyl alcohol was supplied by dripping on the service port. To adding oleyl alcohol via 
servicing port, anaerobic (in this study, argon gas was used) gas pressure pushed the oleyl alcohol to 
get into fermenter. This method is determined as not harmful to the culture and also avoided 
possibility if oleyl alcohol is mixed onto the culture. More importantly, using gas pressure-driven 
supplying could guarantee for maintaining closed-environment on fermenter, which could effectively 
avoid both oxygen and contamination. 
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 On here, it was proven that oleyl alcohol could absorb butanol effectively and selectively. 
(Figure S7) According to butanol level data of fermenter which oleyl alchol was added at 24 hours 
(figure 12, graph with mark ★), butanol level was significantly reduced after oleyl alcohol added 
onto fermenter. As butanol level was reduced from culture layer where C. beijerinckii NCIMB 8052 
growing, optical density was started to increase after 12-16 hours. Trend line of growth rate (Figure 11, 
graph with mark ★) was interesting. Optical density was started to be stabilised after 12 hours, which 
is identical to control, however after several hours, it again stated to grow further. 
 This suggests oleyl alcohol based stimulated absorption of butanol definitely helpful for the 
fermentation, and also stimulated absorption system would not be harmful or affect very slightly 
which would overwhelmed by benefit of this system. This study also suggested oleyl alcohol layer 
should be added 0 to 12 hours from inoculation of C. beijerinckii NCIMB 8052, which could think 
this would be a clue that butanol concentration leads to sporulation of C. beijerinckii NCIMB 8052 
and growth rate could not be undo even if butanol was removed from culture after it has stared 
sporulation. This idea should be proved with experimental method, that this idea is planned for testing 
with spore observation test for every timepoint samples. 
 Fed-batch experiment also had shown promising result, that glucose consumption level was 
drastically increased by stimulated absorption of butanol. This experiment was performed with 20 rpm 
stirring, C. beijerinckii NCIMB 8052 fermentation without oleyl alcohol fail to use more than 40 g/L 
of glucose. With normal condition (200 rpm stirring fermenter) C. beijerinckii NCIMB 8052 
fermentation could fully accumulate all 60 g/L glucose. This suggests stirring condition also affected 
sporulation of C. beijerinckii NCIMB 8052. To solve this issue, in-situ stimulated absorption system 
should be capable of normal fermentation – 200 rpm stirring – condition, which would be a next 
research project for improving this system. Glucose level condition inside fermenter could be a one of 
factors of C. beijerinkcii NCIMB 8052 according to comparison test between 30-40 g/L glucose 
maintained fed-batch fermenter and normal fed-batch. But as considering its huge error bars and little 
difference between the values, it would be possibly suggested that this study should be done with 
several different conditions like maintaining glucose level at low such as 5-15 g/L, with more trials to 
perform statistical analysis. 
 C. beijerinckii NCIMB 8052 is well known for convert alternative carbon source to the 
biofuels. In this study, this was not only proven with pine wood waste but it had shown its 
fermentation progress was identical to control media. This suggests C. beijerinckii NCIMB 8052 
fermentation could be easily adopted for waste treatment studies which are highly being concerned 
these days with minimal efforts and cost. If C. beijerinckii NCIMB 8052 would be proven to 
adoptable to industrial sized fermenter with this alternative carbon source, it would be a great solution 
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for both global warming issue and environmental difficulties. 
 P2 and MP2 comparison study also could be considered as it highlighted the critical point for 
Clostridial biofuel studies these days, that slight changing on the condition of C. beijerinckii NCIMB 
8052 fermentation could be driven to unexpected difference on the final result of the fermentation. On 
this study, the difference between results of P2 and MP2 was marginally small, but it also alerted 
direct comparison of final yield results between different conditions would be invalidated. This study 
suggested all fermentation data for Clostridia should be followed with several different 
characterisation experiments to prove its effectiveness. 
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Appendix 
 
Supplementary A – Folin-Ciocalteu test 
 
 Gallic Acid Stock Solution; In a 100-mL volumetric flask, dissolve 0.500 g of dry gallic acid 
in10 mL of ethanol and dilute to volume with water. Can be opened daily, but to store, keep closed in 
a refrigerator up to two weeks. 
 Sodium Carbonate Solution; Dissolve 200 g of anhydrous sodium carbonate in 800 mL of 
water and bring to a boil. After cooling, add a few crystals of sodium carbonate, and after 24 hr, filter 
and add water to 1 L.  Should be stable indefinitely. 
 To prepare a calibration curve, add 0, 1, 2, 3, 5, and 10 mL of the above phenol stock 
solution into 100 mL volumetric flasks, and then dilute to volume with water. These solutions will 
have phenol concentrations of 0, 50, 100, 150, 250, and 500 mg/L gallic acid, the effective range of 
the assay.  Left over gallic acid solutions can be poured down the drain. 
 From each calibration solution, sample, or blank, pipet 20 µL into separate cuvettes, and to 
each add 1.58 mL water, and then add 100 µL of the Folin-Ciocalteu reagent, and mix well. Wait for 
between 30 sec and 8 min, and then add 300 µL of the sodium carbonate solution , and shake to mix. 
Leave the solutions at 20°C for 2 hr and determine the absorbance of each solution at 765 nm against 
the blank (the "0 mL" solution) and plot absorbance vs. concentration. Alternatively, they can be left 
at 40°C for 30 min before reading the absorbance. 
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Supplementary figures 
 
Figure # Description 
Figure S1.  Galic acid standard curve of Folin-Ciocalteu test 
Figure S2.  Glucose peak on the HPX-87P BIORAD HPLC column with reflectometry index 
detector equipped Agilent HPLC 
Figure S3.  Pine wood waste hydrolysed result with HPX-87P BIORAD HPLC column with 
reflectometry index detector equipped Agilent HPLC 
Figure S4.  Flame ionisation detector result of standard solution 0.5 g/L which separated by 
HPINNOWax GC column 
Figure S5.  Flame ionisation detector result of sample from typical C. beijerinckii NCIMB 8052 
fermenter which separated by HPINNOWax GC column. All samples except standard 
solution were injected as 1/10 diluted concentration. 
Figure S6.  Flame ionisation detector result of culture layer sample from C. beijerinckii NCIMB 
8052 fermenter with stimulated absorption system which separated by HPINNOWax 
GC column 
Figure S7.  Flame ionisation detector result of oleyl alcohol layer sample from C. beijerinckii 
NCIMB 8052 fermenter with stimulated absorption system which separated by 
HPINNOWax GC column 
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Figure S1. Galic acid standard curve of Folin-Ciocalteu test 
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Figure S2. Glucose peak on the HPX-87P BIORAD HPLC column with reflectometry index detector 
equipped Agilent HPLC 
 
 
 
47
Figure S3. Pine wood waste hydrolysed result with HPX-87P BIORAD HPLC column with 
reflectometry index detector equipped Agilent HPLC 
 
 
 
Figure S4. Flame ionisation detector result of standard solution 0.5 g/L which separated by 
HPINNOWax GC column 
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Figure S5. Flame ionisation detector result of sample from typical C. beijerinckii NCIMB 8052 
fermenter which separated by HPINNOWax GC column. All samples except standard solution were 
injected as 1/10 diluted concentration. 
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Figure S6. Flame ionisation detector result of culture layer sample from C. beijerinckii NCIMB 8052 
fermenter with stimulated absorption system which separated by HPINNOWax GC column 
 
 
 
Figure S7. Flame ionisation detector result of oleyl alcohol layer sample from C. beijerinckii NCIMB 
8052 fermenter with stimulated absorption system which separated by HPINNOWax GC column 
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